IntroDuctIon
The nervous system of the fruit fly Drosophila melanogaster provides an excellent model for studying the formation of neuronal and glial diversity. As Drosophila is primarily used as an in vivo model system, experimental research using Drosophila cell cultures is surprisingly limited. This becomes particularly evident in the context of developmental and cell biological studies of the CNS. Two distinct nervous systems are generated during the biphasic life cycle of Drosophila 1 . A first wave of neurogenesis forms the larval nervous system during embryonic development, whereas during larval stages a second wave of neurogenesis builds the CNS of the adult fly. Hence, the larval CNS consists of terminally differentiated neurons and glial cells that function during larval life. At the same time, it harbors precursor cells such as neuroepithelial cells; neuroblasts; intermediate precursors with a restricted mitotic potential, termed ganglion mother cells; and immature neurons and glia cells of the presumptive adult nervous system. Thus, the larval CNS allows investigations of various types of proliferative, immature and terminally differentiated neural cells.
Although a number of different cell culture lines are currently used for in vitro studies, the origins of most of these cell lines are not well characterized. Most widely used stable cell lines, such as S2 cells or Kc cells [2] [3] [4] , provide outstanding experimental models for biochemical analyses, RNAi screens and small compound screens [5] [6] [7] . However, similarly to human cell lines, these widely used Drosophila cell lines often have genomic abnormalities, and thus a distinct cellular identity cannot be assigned 8 . Some progress has been made in establishing continuous embryonic cell cultures that can be propagated over several passages 9, 10 . For developmental studies that focus on a particular organ system, such as the CNS, well-defined cell lines are currently not available. Particularly, for genetic manipulations of undifferentiated cells, it is crucial to know the genotype and cellular origin of a cell line. Abnormalities in karyotypes or acquired mutations in continuous cell lines may cause problems in interpreting experimental results.
In mammalian animal models, primary somatic cell cultures have a long-standing tradition and provide an important complementary approach to in vivo studies. The availability of well-defined and characterized culture media and sophisticated culturing techniques led to the generation of primary cell cultures derived from various tissues and with various genotypes. Similarly, in Drosophila, the use of primary cell cultures originating from embryonic and from larval tissue has a long-standing tradition, and these cell cultures have been used for more than 40 years (refs. 3,4,11,12) . Temporal specification, cell division and neuronal differentiation have been studied in Drosophila primary neural cultures deriving from various developmental stages by either fixed-or live-cell imaging [13] [14] [15] [16] [17] [18] . Furthermore, primary neural cells have been used to assess neuronal activity by electrophysiological recordings or calcium imaging techniques [19] [20] [21] [22] . Yet another study examined the level of reactive oxygen species in Drosophila neuronal cells in culture 23 .
Although to date in Drosophila most primary cell cultures are of embryonic origin, there is wide interest in using primary cell cultures derived from particular organs and tissues with identified genotypes for genetic or biochemical studies and for highthroughput screens using RNAi knockdown. An advantage of the presented system is that it allows the generation of primary neural cell cultures derived from any available genotype, and in principle it can be adapted to other organ systems.
Experimental design
We describe a protocol that provides a basis for culturing neural cells of the postembryonic Drosophila brain. Previous studies investigated the cellular behavior of neural cells deriving from dissociated larval brains, but primary cultures were not observed over a longer time period 24, 25 . Our protocol allows the analysis of cellular development over the course of at least 2 weeks. The use of an array of cell type-specific molecular markers allows the assessment of cellular identity by immunofluorescent staining and confocal microscopy. Molecular markers are used to reveal the identity of neuroblasts, ganglion mother cells, postmitotic neurons and glia cells. Cell type-specific fluorescent reporter lines allow the identification and characterization of specific neuronal cell lineages in fixed tissue and by live imaging. A major aim in the field of neural development is to understand and characterize the genetic and molecular mechanisms underlying the regulation of neural stem cell proliferation and differentiation. It is difficult to address this question with stable cell lines, which have genetic alterations that cause them to proliferate indefinitely. Primary cell cultures containing genetically identifiable neural stem cells offer an entry point to study the cellular mechanisms of neural stem cell behavior and neuronal differentiation 26, 27 .
Comparable to studies on developmental mechanisms in nervous system formation, the functionality of fully differentiated neurons can also be assessed in vitro. The use of genetically encoded calcium sensors such as GCaMP allows the functional assessment of identifiable neurons in vivo and in vitro 21, 28 . The protocol described here can, for instance, be applied to assess the neuronal activity in response to exposure to a given neurotransmitter. Thus, the protocol described here further allows combining the wealth of genetic techniques available in Drosophila in vivo with subsequent assessment in vitro. •
MaterIals

REAGENTS
Egg-collection plates Prepare a mixture of 1,500 ml of water, 70 g of agar and 25 g of sucrose. Autoclave the mixture at 121 °C for 50 min. Add 500 ml of apple juice and mix the contents. When the mixture cools down to 60 °C, add 10 ml of the benzalkonium chloride/methyl 4-hydroxybenzoate stock solution (stock solution: 10 mg ml − 1 benzalkonium chloride and (Fig. 1) . The plates can be stored at 4 °C for up to 8 weeks. Larvae-collection plates Add 7 g of agar and 4 spoons of dry yeast to 1,700 ml of water. Boil the mixture in a pan. Add 200 g of cornmeal and 140 g of sugar. Stir the mixture constantly. Add another 500 ml of water and stir until the mixture starts to boil. Remove the pan from heat and place it into a sink filled with cold water. Cool down the mixture for 10 min while stirring. Add 50 ml of benzalkonium chloride/methyl 4-hydroxybenzoate stock solution (stock solution: 10 mg ml − 1 benzalkonium chloride and 125 mg ml − 1 methyl 4-hydroxybenzoate in ethanol) and stir it well. Add food to the Petri dishes (60 × 15 mm) (Fig. 1a) . Let the Petri dishes cool down for 1-2 h at room temperature (25 °C). Store the dishes at 10 °C for up to 1-2 weeks.
Fixation buffer Fixation buffer is 4% (vol/vol) formaldehyde in PBS.
Fixation buffer should be freshly prepared.
PBST PBST is 0.1% (vol/vol) Triton X-100 in PBS. PBST can be stored at 4 °C for up to 8 weeks.
EQUIPMENT SETUP Concanavalin A-coated Teflon microscopy slides Add 30 µl of Concanavalin A stock solution (5 mg ml − 1 in PBS) to 10 ml of ddH 2 O in a large Petri dish (94 × 16 mm). Dip a silicone spreader in the Petri dish and spread the solution across the microscopy slide once (Fig. 1b) . Put the slide briefly on the heating plate to dry, and keep the slide dust free. Always freshly prepare the slides. Humidified culturing chamber with wet filter paper Heat-sterilize filter paper wrapped in aluminum foil in an oven at 200 °C for 2 h. Open the autoclaved humid chamber in the laminar flow cabinet and add the filter paper (Fig. 1d) 
2|
Transfer the adult flies to embryo-collection cages. For the best yield of embryos, use flies that are 2-5 d in age. For staged collections, collect the embryos for 4-6 h on apple juice plates streaked with yeast paste kept at 25 °C and 65% humidity in a 12 h:12 h light-dark cycle (Fig. 1a) .
3| At 24 h after the midpoint of collection, transfer freshly hatched larvae to food plates and let them grow to desired stages (for example, 72 or 96 h after larval hatching (ALH)).
Dissection of larval brains
• tIMInG ~1 h 4| Pick the larvae from the food plate and rinse them first in a Petri dish containing 70% (vol/vol) ethanol and then in a Petri dish containing PBS; repeat the procedure twice to wash off food and yeast.  crItIcal step During this step and subsequent steps, the larval brains should be kept in sterile conditions, and all the steps should be performed in a laminar flow cabinet.
8|
Remove the Rinaldini solution and add 1 ml of sterile filtered collagenase I (0.5 mg ml − 1 ) solution. Let the digestion reaction take place at room temperature for 1 h.
9|
Spin down the digested brain tissue for 5 min at 300g at room temperature and replace the collagenase I solution with 1 ml of supplemented Schneider's medium.
10|
Spin down the suspension for 5 min at 300g at room temperature and wash it three more times with 1 ml of supplemented Schneider's medium.
11|
Remove all of the supernatant and add 10 µl of supplemented Schneider's medium per brain. For example, add 200 µl for 20 dissected brains.
12|
Set the pipette to half the total volume and use siliconized tips. Pipette the digested brain tissue up and down 100-200 times to prepare a cell suspension.
? troublesHootInG 13| Pipette the cell suspension through a 40-µm cell strainer (Fig. 1c) pressed onto a new microcentrifuge tube to filter out tissue pieces and larger cell clusters.
14|
For culturing, pipette 40 µl of cell suspension per well in a 96-well plate and add 160 µl of fresh supplemented Schneider's medium (Fig. 1d) . For BrdU labeling of cells, see box 1.
15|
Place the 96-well plate in the prepared humid chamber and incubate it in a thermostable cabinet at 25 °C for the desired culture period (e.g., 24 h). ? troublesHootInG (ix) Wash the slide three times for 2 min and three times for 10 min in PBST. (x) Remove all of the supernatant and mount it in Vectashield. Place a coverslip, and after the Vectashield has spread to cover the entire slide seal the edges with clear nail polish.  pause poInt Slides can be stored at 4 °C for several months. ? troublesHootInG Troubleshooting advice can be found in table 3. • tIMInG Steps 1-3, preparation and larval collection: ~2 weeks Steps 4-6, dissection of larval brains: ~1 h Steps 7-15, preparation of cell suspension: ~2 h
Imaging
Step 16A, immunofluorescent staining of fixed primary cell culture: 2-3 d
Step 16B, live imaging of cells in primary neural cell culture: variable; depends on imaging time
Step 16C, calcium imaging of primary cells in culture: 6 h-2 d box 1, BrdU labeling of cells in primary cell culture: 2-3 d
antIcIpateD results
The protocol presented here describes how to make primary neural cell cultures from larval brains that can be observed for several days and up to several weeks. Approximately 15-20 dissected third-instar larval brains will yield ~800-1,000 µl of cell suspension. Antibodies against lineage-specific markers such as Neuroglian or Elav for neurons and Repo for glial cells should be used to determine cell identity (Fig. 2a) . The monoclonal antibodies from the Developmental Studies Hybridoma Bank (DSHB) (table 1) work very well on fixed cells in culture, and they can be used as positive controls when testing the protocol with new antibodies. In principle, the system allows the generation of primary neural cell culture from larval brains of any genotype to assess cell morphology, proliferation and differentiation. BrdU incorporation showed that at 45 h in culture 8% of cells had gone through S phase 26 . Cultures can be generated from brains in which specific subtypes of neuronal lineages are genetically labeled by using the Gal4/UAS system (table 2). We used, for example, a lineage-specific Gal4 driver line to express histone2B-RFP in optic lobe precursor cells (Fig. 2b) . This experiment revealed that about half of all replicating cells in culture originate from the developing optic lobes 26 . A useful transgene for studying cell morphology is UAS-mCD8-GFP, which codes for a membrane-tethered GFP reporter. It can reveal neurite extensions such as those shown in Figure 2c . To assess neural activity in primary cell culture, GCaMP5 can be expressed in neurons of interest. We used the pan-neuronal driver elav-Gal4 to express GCaMP5 in all postmitotic neurons in the nervous system. We stimulated neuronal activity by exposing cultures to the neurotransmitter acetylcholine (Fig 2f) . As expected, we find that only a subset of neurons is responsive to acetylcholine. Thus, the protocol can be applied to the study of both developmental and functional processes in vitro. coMpetInG FInancIal Interests The authors declare no competing financial interests.
